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The accurate characterization of hydraulic properties within fractured geologic media as well as 
the imaging of fracture patterns and their connectivity have been difficult to accomplish over the 
last few decades. Recently, hydraulic tomography has been suggested as a promising approach for 
imaging the key hydraulic parameters such as hydraulic conductivity (K) and specific storage (Ss) 
distribution of fractured geologic media. This thesis investigates the importance of geologic 
information on HT analyses through synthetic experiments and laboratory rock block experiments 
conducted by Sharmeen et al. (2012). Specifically, three inverse modeling approaches with 
different types of geologic data included in the analyses were examined: 1) homogeneous estimates 
of hydraulic parameters without geologic data; 2) correct fracture locations and matrix data with 
correct hydraulic parameters; and 3) partially correct fracture locations and matrix data with 
incorrect hydraulic parameters. In this study, the assessment of transient hydraulic tomography 
(THT) is conducted in fractured dolomitic rock block through the Sequential Successive Linear 
Estimator (SSLE) developed by Zhu and Yeh (2005). The image of fracture patterns and their 
connectivity are presented through maps of K and Ss distributions (or tomograms). The validation 
of inverse modeling results is quantitatively performed through the prediction of independently 
conducted pumping tests not used in the calibration effort. The comparison among results obtained 
from different approaches indicates that: 1) THT analysis can capture the overall fracture pattern 
and their hydraulic properties (K and Ss), but the estimated values are higher where observations 
are limited; 2) using a correct geological model as prior information in a geostatistical inverse 
model can preserve geologic features especially within the matrix, where drawdown data are hard 
to obtain; 3) a simple model without any geologic information is more reliable than the one based 
on the wrong description of geologic features. Overall, the results from this study indicate the 
importance of incorporating accurate geological data in HT surveys when drawdown data are 
sparse and not available within the matrix, which could have critical implications for field research 
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In recent years, groundwater flow and contaminant transport through aquifers have become 
a focus for hydrogeologists. The characteristics of aquifers are important for determining 
groundwater flow, especially the spatial distribution of hydraulic properties such as hydraulic 
conductivity (K) and specific storage (Ss). In a fractured aquifer, the large contrast of hydraulic 
properties between fractures and the matrix along with their variability can have a large influence 
on the estimation of hydraulic characteristics of the medium, which in turn could have impacts on 
groundwater resource management. Specifically, connected fractures typically consist of high-K 
and low-Ss zones, while the matrix consists of low-K, but high-Ss zones. Therefore, during 
pumping tests, the pressure propagates rapidly through connected fractures than the matrix 
resulting in significant contrasts in drawdowns at monitoring wells and ports. These variabilities 
of hydraulic properties have guided the development of different conceptual models for modeling 
groundwater flow and contaminant transport through fractured geologic media (Oda, 1986; 
Neuman, 1987; Cacas et al., 1990; Tsang et al., 1996). 
Over the past few decades, numerous new experimental techniques and interpretation 
frameworks have been developed to characterize fractured rock aquifers (NRC, 1996; Hamzah et 
al., 2006; Cherry et al., 2007; Cho et al., 2008). During the 1970s, the inability of technology 
produced challenges for scientists to obtain detailed information on subsurface fractures, and this 
deficiency led to the development of the Equivalent Porous Continuum concept (EPM) (Bear, 1972; 
Freeze and Cherry, 1979; Blessent et al., 2013). The large contrast in the volume between fractures 
and the matrix pores along with their hydraulic properties resulted in the dual porosity/mass 
transfer model (Moench, 1984; Lee et al., 1999; Cornaton and Perrochet, 2002; Worthington and 
Smart, 2017; Tao et al., 2019). The dual porosity model conceptualizes that groundwater takes 
place only in the fractures, but can be stored in both fractures and the matrix. This means that the 
matrix acts only as a non-conducting storage reservoir. In the dual permeability model (e.g. Choi 
et al., 1997; Illman and Hughson 2005; Guo et al., 2017), both the matrix and fractures can conduct 
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and store the fluid. This model is used to describe or estimate the averaged flow and transport 
behavior over a large scale of fractured rock. 
In various EPM models, the fractured medium is treated as a uniform material and various 
interpretation methods (e.g. type curves, straight line methods) have been developed for the 
analysis of pumping test data (Illman, 2014). With the evolution of technology and theories, the 
requirements for high-resolution descriptions of heterogeneity led to the introduction of discrete 
fracture network models (DFNM) in groundwater flow modeling studies (e.g. Dverstorp et al., 
1993; Karimi-Fard et al., 2003; Erhel et al., 2009; Meyer and Bazan, 2011; Tueckmantel et al., 
2013; Lei et al., 2017). 
The discrete fracture network models (DFNMs) are applied frequently in flow and transport 
simulations where fractures are considered individually. However, accurate fracture information 
such as its geometry and their spatial distribution are difficult to capture in the field (Neuman 1987, 
2005). Another difficulty for the application of DFNMs in field studies is defining a reliable 
relationship between fracture geometry data and hydraulic as well as transport parameters 
(Neuman, 1987; Tsang et al., 1996; Illman and Hughson, 2005; Illman et al., 2009; Sharmeen et 
al., 2012; Illman, 2014; Lei et al., 2017).  Moreover, the connectivity among individual fractures 
is identified as another important property to determine groundwater flow paths, but this property 
varies significantly among rock types and is difficult to quantify between boreholes (Illman, 2014). 
An alternative approach to EPM and DFNM proposed by Neuman (1987) was the Stochastic 
Continuum Modelling (SCM) approach. A SCM is typically constructed with K data collected 
from single-hole packer tests at narrow intervals (e.g., Tsang et al., 1996; Follin and Thunvik, 1994; 
Neuman and Depner, 1998; Chen et al., 2000; Illman and Neuman, 2001; Hendricks Franssen and 
Gómez-Hernández, 2002). In the SCM approach, hydraulic conductivities estimated from packer 
tests are considered as a randomly correlated field over a continuum, which accommodates the 
uncertainty in the identification of fracture properties due to the inabilities of current technology 
(Neuman 1987; Vesselinov et al., 2001a,b; Sharmeen et al., 2012). 
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During the past few decades, various hydraulic and pneumatic characterization approaches 
have been developed for the characterization of saturated and unsaturated fractured rock aquifers. 
Technologies developed include single- and cross-hole pumping or injection tests in the saturated 
zone, pneumatic injection tests in the unsaturated zone, hydraulic tomography, and electrical 
resistivity tomography (ERT) (Hsieh and Neuman, 1985; Hsieh et al., 1985; Illman and Neuman, 
2000, 2001; Yeh and Liu, 2000; Hasan et al., 2019). Slug and single-hole tests have been used for 
obtaining hydraulic properties within the fractured rock by treating the tested rock as an isotropic, 
homogeneous porous medium, as these tests are only representative of a small volume surrounding 
the tested interval (NRC, 1996). In order to characterize fractured rocks at a larger scale, cross-
hole tests have been proposed. For example, Hsieh et al. (1985) developed a type curve approach 
to determine the hydraulic conductivity tensor from cross-hole tests by treating the fractured 
medium to be uniform and anisotropic. Pneumatic injection tests rely on air injection instead of 
water and are utilized to estimate the permeability of the unsaturated zone, but adopt the same 
traditional interpretation methods (Guzman et al., 1996). 
When cross-hole tests are interpreted by treating the medium to be uniform, a scale effect in 
hydraulic conductivity has resulted (e.g., Clauser, 1992; Butler and Healey, 1998a,b; Illman and 
Neuman, 2001; Vesselinov et al., 2001a-b; Nastev et al., 2004). In Vesselinov et al. (2001b), the 
scale effect was pronounced in both permeability and porosity of fractured rock; however, it 
disappeared when the fractured rock was considered as a heterogeneous medium during inverse 
modeling. Illman and Neuman (2003) analyzed steady-state data from cross-hole pneumatic 
injection tests with analytical solutions and compared their estimates from single-hole data to 
strengthen their conclusion of the scale effect at their research site in central Arizona. 
Previous studies have documented the presence of a scale effect at a site by comparing small- 
and large-scale estimates of hydraulic parameters. However, by examining permeability estimates 
from cross-hole pneumatic injection tests estimated over various distances between injection and 
observation intervals, Illman (2006) discovered a directional scale effect resulting from cross-hole 
tests alone and pointed out that the scale effect is caused through the connectivity of fractures at a 
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given site. Illman (2006) then proposed that hydraulic tomography can be a promising tool to 
image the connectivity and hydraulic parameters of fractured geologic media. 
Hydraulic tomography (i.e., a sequential aquifer tests) (HT) is an advanced aquifer testing 
technique proposed initially by Neuman (1987), who suggested that cross-hole hydraulic tests 
could be conducted across the rock with the signal interpreted in a similar way to geophysical 
tomography to yield hydraulic parameters. During cross-hole tests, water is extracted or injected 
into various intervals of screened well bores within the aquifer, and drawdowns are monitored at 
different, isolated intervals to collect more data than traditional aquifer tests (Yeh and Liu, 2000). 
To interpret results from hydraulic tomography (HT), a sequential inversion approach based on 
steady-state hydraulic tests was developed by Yeh and Liu (2000) and was named the Sequential 
Successive Linear Estimator (SSLE). This technique was first tested with synthetic simulations by 
Yeh and Liu (2000) and also through laboratory experiments (Liu et al., 2002, Illman et al. 2007). 
The sequential inversion approach utilized an iterative geostatistical inversion approach to estimate 
the conditional, effective hydraulic conductivity field and corresponding conditional variances of 
an aquifer based on the geostatistical inverse modeling of hydraulic head and discharge data (Yeh 
and Liu, 2000). 
Zhu and Yeh (2005), then improved HT with an efficient SSLE for the interpretation of 
transient hydraulic data. However, the inversion of data for both K and Ss was found to be more 
computationally intensive than the use of steady state data alone. Liu et al. (2007), then conducted 
laboratory sandbox experiments and interpreted their data to validate the Transient Hydraulic 
Tomography code of Zhu and Yeh (2005). During this period, Illman et al. (2008) investigated the 
order of pumping test data interpreted with the SSLE algorithm and found that including data with 
the largest signal to noise (S/N) ratio first was of paramount importance of obtaining more accurate 
results. Including data with the lowest S/N ratio first resulted in poor HT results. In order to avoid 
the influence of the order of tests included in inverse modeling, a Simultaneous SLE (SimSLE) 
was introduced by Xiang et al. (2009) to utilize all observed transient hydrographs from all cross-
hole tests simultaneously to characterize the heterogeneity of aquifer properties. 
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To overcome the computationally intensive nature of THT, Zhu and Yeh (2006) developed a 
temporal moment approach for HT analysis (HT-m) to avoid the direct use of transient data in 
inverse modeling. Synthetic simulations revealed satisfactory results in estimating both K and Ss 
with the HT-m approach, but sandbox results by Yin and Illman (2009) showed the deterioration 
of results compared to THT results obtained by Liu et al. (2007) suggesting the superiority of THT 
over the HT-m approach. 
A number of recent studies have shown that HT is an effective tool for delineating the K and 
Ss heterogeneity of porous (Liu et al., 2002; Zhu and Yeh, 2005; Berg and Illman, 2012, 2013, 
2015; Cardiff et al., 2009; Zhao et al., 2016) and fractured rock aquifers (Illman et al., 2009; 
Castagna et al., 2011; Sharmeen et al., 2012; Illman, 2014; Zha et al., 2015, 2016; Wang et al., 
2017; Tiedeman and Barrash, 2019). The reason that HT is more accurate than traditional pumping 
tests is because with the same number of wells, a HT survey collects more data, it integrates the 
information collected from such tests and yields information on heterogeneity that traditional 
interpretations of pumping tests do not yield. In addition, the resolution of the HT can be increased 
by raising the density of observed pressure record or through integrating different types of 
information (Illman, 2014). 
In particular, Illman et al. (2009) conducted a THT analysis of two, large-scale cross-hole 
pumping tests with monitoring data from deep boreholes at the Mizunami Underground Research 
Site in Japan. Their results revealed the effectiveness of THT in imaging continuous high K and 
low Ss zones, which corresponded to known fault zones. However, due to the availability of only 
two cross-hole tests and a limited number of observation intervals, there were still some fault zones 
mapped by geologists that did not show up on the K and Ss tomograms.  
To further study the effectiveness of HT in mapping K and Ss heterogeneities in fractured 
rocks, Hao et al. (2008) have applied HT and the SSLE algorithm to map the hydraulic property 
distributions in synthetic fractured aquifers. Their results revealed that preferential flowpaths (high 
K zones) which followed the fracture pattern and its connectivity could be mapped quite effectively 
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with SSLE. However, compared to the true K and Ss distributions used to conduct the synthetic 
simulations, the estimated K and Ss tomograms from SSLE were smoother. However, with an 
increasing number of wells and monitoring ports, the fracture zone distribution and its connectivity 
became more vivid and approached the true values (Hao et al., 2008). 
Subsequent to the study by Illman et al. (2009), Sharmeen et al. (2012) conducted HT 
experiments on a dolomitic fractured rock block under controlled laboratory conditions. The THT 
analyses of these data successfully delineated the high K and low Ss zones that captured the fracture 
pattern in the rock block and the computed K and Ss tomograms improved with additional pumping 
tests included in the analysis. However, Sharmeen et al. (2012)’s results revealed smooth 
tomograms and that the estimated matrix hydraulic properties, especially K values, were larger 
than expected for the matrix of the rock sample.  In Sharmeen et al. (2012)’s study, the THT was 
conducted with the SSLE code by treating the fractured rock as a heterogeneous EPM concept (i.e., 
SCM), which resulted in difficulties for the inverse model to handle the high contrast in hydraulic 
properties of the fractures and the matrix. 
Other than the SSLE code, other mathematical approaches were also developed for the 
interpretation of HT results. For example, Wang et al. (2017) applied a stochastic Newton (SN) 
method to solve a high-dimensional hydraulic inverse problem at a highly heterogeneous research 
site. The inverse method was separated into two parts: a deterministic part and a stochastic part. 
The accuracy of stochastic Newton method was evaluated by a synthetic model constructed based 
on geological and hydrogeological information obtained from outcrops and boreholes. Then, the 
inverse approach was applied to estimate the transmissivity fields within a fractured and karstified 
aquifer with collected hydraulic head measurements. The results from synthetic model showed that 
the important features of ‘true’ transmissivity field such as trend and locations of the high-T 
channel can be better captured by the inverse approach with the use of more conditional data. 
Moreover, the estimated transmissivity field from the fractured and karstified aquifer using the 
hybrid inverse method presented the consistency in reproducing the hydrodynamic responses to 
the data observed at the site. 
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Fischer et al. (2018a) proposed another inverse modeling method named as the Discrete 
Network Deterministic Inversion (DNDI) for characterizing the geometry and property of the 
synthetic discrete network of conduits and fractures in karstified aquifers. Results indicated that 
the DNDI could help to obtain satisfying results on reproducing the observed data and capturing 
the network geometry and property values within the ‘true’ model. However, the inversion process 
was limited by the non-uniqueness of the solution during the calibration. Therefore, using the 
DNDI method may require several prerequisites such as the geological or geophysical information, 
and scientists should be critical toward the results. As mentioned in Fisher et al. (2018a), the 
inversion approach is deterministic, hence the precision of the result is dependent on the initial 
model. In addition, the authors recommended a multi-scale inversion approach in which the 
inversion starts from a coarse model and progressively refined to improve the results.  
A harmonic pumping tomography was applied to characterize the hydraulic properties and 
connectivity of a karstic and fractured aquifer by Fischer et al. (2018b). During the harmonic 
pumping tests, the pumping rate varied based on a sinusoidal function within a given time. The 
drawdown monitored during the harmonic pumping tests were interpreted by the Cellular 
Automata-based Deterministic Inverse (CADI) algorithm developed previously (Fisher et al., 2017) 
to quantitatively analyze the hydraulic properties within the karstic and fractured aquifer. The 
results have revealed the influence from different signal frequencies during the tomographic 
harmonic pumping tests on estimating structures of the karstic network. Higher frequency signals 
were found to assist the interpretation of most conductive structures and connectivity between 
boreholes, while lower frequency signals were more helpful in locating less conductive features. 
Recognizing the difficulties with the EPM approach, a deterministic THT approach was 
proposed by Klepikova et al. (2020) based on the DFNM concept for imaging the connectivity, 
transmissivity, and storativity of a network of fractures with a fixed fracture pattern. The results 
from the research revealed that the proposed approach can be used to successfully calibrate a two-
dimensional DFNM and qualitatively match observations from cross-hole injection test data at the 
site. However, due to the highly simplified nature of the fracture network built in two-dimensions, 
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only the dominant pathways that the researchers conceptualized could be included in the inverse 
model. 
To evaluate the equivalence between EPM and DFNM, Dong et al. (2019) recently studied 
the extent to which HT with a heterogeneous EPM can characterize fracture networks generated 
by the DFNM approach and the importance of representative elementary volume (REV) sizes on 
HT performance in fractured media. Three DFNMs with different densities were constructed to 
generate the synthetic data used in heterogeneous EPM calibration. The concept of spatial REV in 
terms of probability of fracture connectivity was introduced by Dong et al. (2019) to assess the 
equivalence of HT results obtained through the heterogeneous EPM approach. Results indicated 
that if a spatial REV exists within the studied domain, a fracture network could be treated as a 
heterogeneous EPM (or SCM) approach. For a DFNM with sparse fractures in which the spatial 
REV cannot be identified, only the dominant fractures can be captured by EPM by HT as high K 
zones with a limited number of wells. More monitoring wells are required for the accurate mapping 
of discrete fractures within a network (Dong et al., 2019). These observations suggest that 
additional improvements are necessary to HT. 
Zha et al. (2015; 2016) improved the THT analysis conducted by Illman et al. (2009) by 
including two additional tests in the analysis which were not available to Illman et al. (2009). Zha 
et al. (2015) also conducted synthetic HT analysis to investigate the effectiveness of HT in mapping 
hydraulic parameter heterogeneity. By replicating the similar fracture features in the synthetic 
model, it was discovered that high K zones defined from HT analysis not only related to fracture 
network connected with pumping and observing location, but also presented the degree of 
connectivity of the network. Furthermore, K and Ss tomograms were found to be negatively 
correlated confirming the conclusion by Illman et al. (2009), while the Ss tomogram was less 
indicative of geologic features. Due to the sparse monitoring interval density, HT yielded smooth 
maps of heterogeneity, and non-redundant datasets helped to improve the accuracy of 
characterizing faults and fracture zones as well as to improve their resolutions. As indicated by 
Illman (2014), improving the resolution of K and Ss tomograms is a significant challenge for 
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fractured rock aquifers, and the integration of additional data types from surficial and borehole 
geological investigations, small-scale hydraulic tests, flowmeter surveys, tracer test data and 
geophysical tomography may potentially increase the resolution. 
For the characterization of unconsolidated porous media, Zhao et al. (2016), Zhao and Illman 
(2017, 2018) and Luo et al. (2017) showed the potential for improving HT results through the 
integration of geological data. In particular, both correct and incorrect geologic information were 
included as prior information for the HT analysis. The study was systematically begun using 
sandbox experiments (Zhao et al., 2016; Luo et al., 2017) and demonstrated using data from a 
highly heterogeneous aquifer-aquitard system (Zhao et al., 2017, 2018). The results from different 
scales have revealed the same conclusion that correct geologic information can help to improve 
the accuracy of heterogeneity characterization. Then, the idea was extended by Zha et al. (2017) 
and applied at the Mizunami Underground Research site investigated by Illman et al. (2009) and 
Zha et al. (2015, 2016). In particular, Zha et al. (2017) included a single, planar fault as a prior 
information during their HT analysis and found that this method improved the estimation of 
hydraulic properties by the validation of pumping tests that were not used in model calibration. 
However, as in the work of Sharmeen et al. (2012), the fractured rock had higher values of K for 
areas that are thought to be dominated by the hydraulic properties of the matrix. Therefore, 
additional information such as geological information may potentially improve the quality of 
estimated K and Ss tomograms of fractured rocks, but the value of including such information in 
HT analyses requires further testing. 
Therefore, the main objectives of this study are to investigate the importance of including 
various geologic data for THT analysis as an initial estimate to image the K and Ss tomograms of 
fractured geologic media. In particular, the value of including correct and incorrect fracture 
geometry data as well as matrix data is assessed through this study. The research is based on the 
previous HT analysis conducted by Sharmeen et al. (2012), who utilized synthetic and real data 
collected from a dolostone rock sample with known fracture locations. In this study, data from 
pumping tests along with various geologic data are interpreted using the SSLE code developed by 
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Zhu and Yeh (2005) to perform the THT analyses of various cases, which simultaneously estimate 
the hydraulic parameter fields of K and Ss as well as its uncertainty. The computed K and Ss 
tomograms are validated through other tests not used during the calibration effort and the results 





2.1 Description of Laboratory Experiments 
The fractured dolostone rock from the Guelph Formation was acquired and fitted in a flow 
cell as described in the following section to conduct various hydraulic and tracer tests (Sharmeen 
2011; Sharmeen et al., 2012). The dimensions of the sample rock were 91.5 cm in length, 60.5 cm 
in height and 5.0 cm in depth. The dolomite rock sample was fractured in the laboratory as 
described in Sharmeen (2011). There were 29 ports installed on the flow cell that were used to 
monitor water pressure, conduct pumping tests or to take water samples. In total, seventeen 
pressure transducers were installed on ports completed on fractures, while ten pressure transducers 
were installed on the rock matrix. Two extra pressure transducers were placed on the adjoining 
constant head reservoirs to record pressure head during hydraulic tests (Figure 2.1). The port 
locations were intended to simulate typical vertical or slanted borehole configurations in the field 
(Sharmeen, 2011). To allow for fluid flow, both left and right boundaries of the reservoir were 
open to the rock block. Furthermore, both left and right reservoirs were maintained at a specified 
constant head (63.5 cm), while “no-flow” conditions were kept at the other boundaries.  
Four flow-through tests (Table 2.1) along with 17 pumping tests (Table 2.2) were conducted 
to estimate the fracture aperture and the heterogeneity of hydraulic properties within the fractured 
geologic medium. More detailed information on the rock block facility and laboratory experiments 




Table 2.1: Summary of flow-through tests (modified from Sharmeen, 2011) 









1 Left → Right 0.05 0.28 0.050 1.70 × 10-2 
2 Left → Right 0.13 0.50 0.047 1.30 × 10-2 
3 Right → Left 0.06 0.27 0.048 1.50 × 10-2 





Table 2.2: Summary of pumping tests in fractured dolomite rock block sample (modified from 












Port 1 4 10 8 Port 3 
Port 3 2.5 10 10 Port 15 
Port 4 2.5 10 10.4 Port 3 
Port 5 4 10 17.3 Port 11 
Port 6 2.5 10 10 Port 11 
Port 7 2.5 5 7.8 Port 19 
Port 8 4 10 9.5 Port 7 
Port 9 4 10 5.9 Port 8 
Port 11 4 10 17 Port 13 
Port 12 4 10 19.7 Port 13 
Port 13 4 10 18.7 Port 12 
Port 14 2.5 10 16.2 Port 15 
Port 15 1.7 10 14.9 Port 16 
Port 16 1 10 11.7 Port 15 
Port 17 2.5 3 29.7 Port 18 
Port 18 1.7 10 21.3 Port 17 
Port 19 1 10 18.4 Port 18 
 




Figure 2.1: Profile of the fractured rock block. Circles represent ports located on fractures, and 
solid circles indicate the ports at the matrix and constant head reservoirs (modified from Sharmeen 
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2.2 Synthetic pumping tests designed for HT analysis 
In this study, a groundwater flow and solute transport model was utilized for the simulation 
of synthetic pumping tests that will be used for HT analysis. In particular, HydroGeoSphere (HGS) 
(Aquanty, 2019) was used to construct the synthetic fractured rock model with discrete fractures 
as shown on Figure 2.2. The model was constructed so that it has the same dimensions as the 
laboratory rock block. The finite elements utilized for the model varied from 0.05 cm × 0.01cm × 
5.0 cm to 1.375 cm × 1.375 cm × 5.0 cm. The finer elements were located at fractures and ports, 
while the coarser elements were situated away from these features within the rock block (Figure 
2.3). The domain was designed with 43,806 elements and 88,500 nodes. The fracture locations and 
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its pattern observed on the laboratory rock block was replicated in the constructed HGS model. 
Information for the synthetic model settings were obtained from Sharmeen et al. (2012). The 
fractures in the rock block were assumed to have the same aperture and to be straight (Figure 2.3). 
Based on the average hydraulic aperture (0.049 cm) estimated from the flow through tests (Table 
2.1), the corresponding K was estimated to be 17.46 cm/s, and a value of Ss of 1.11 × 10
-2 cm-1 is 
used for the fractures. The equivalent Kf value is calculated from the fracture aperture through the 






where Kf is hydraulic conductivity of the fracture, Wf is the fracture aperture, 𝜌 is water density 
and 𝜇 is the dynamic viscosity of water. The fracture-matrix interface of the model is considered 
to be an impermeable boundary in which no flow takes place from the fracture into the matrix and 
vice versa. Therefore, in the model, groundwater flow only occurs within fractures.  
 
Figure 2.2: (a) HGS mesh used for synthetic pumping tests, (b) fracture elements within the 
fractured rock block (modified from Sharmeen, 2011) 
The created DFNM was then utilized to generate synthetic pumping test data by pumping 
from one port, while monitoring the corresponding drawdown responses at monitoring ports. The 
synthetic data were generated using the same ports utilized for pumping tests in the actual rock 




Initial parameters used for the forward simulations were obtained from Sharmeen (2011). A 
synthetic simulation of a pumping test at port 5 was conducted to check the correspondence of 
drawdown responses from the synthetic model to those observed in the actual rock block (Figure 
2.3). The comparisons for the rest of the pumping tests are presented in Appendix A. Results from 
the simulation revealed drawdown responses at fracture ports, but as expected, no drawdowns were 
observed at matrix ports. The lack of drawdown responses at matrix ports is useful information 
and can be applied to HT analysis. Those ports are connected through the matrix material to the 
fractures where other ports are installed. However, the large difference on hydraulic property 
between fractures and the matrix results that head perturbations do not diffuse through the matrix 
over the measured time scale. In order to match the tests performed in the laboratory, similar 
pumping tests were simulated as shown in Table 2.2.  
Prior to the HT analysis, the DFNM was calibrated with each synthetic pumping test 
automatically to estimate the hydraulic properties of the fracture network (Table 2.3) by treating 
the fracture elements to all have the same values of Wf and Ss. Specifically, both the Wf and Ss of 
the fracture network were automatically adjusted through the calibration of each pumping test 
conducted at ports 3, 4, 6, 7, 12, 15, and 18 by coupling HGS with PEST which is a model-
independent parameter estimation and uncertainty analysis software (Doherty, 2005). Then, 
equation (1) was used to calculate the Kf from the calibrated Wf values. The calibration of the 
DFNM with different pumping tests was conducted to evaluate the consistency of Kf  and Ss within 
fractured rock sample (Table 2.3). Results revealed that the estimated Kf and Ss values were not 
the same for all pumping tests and that the 95% confidence intervals of Kf were considerably 
narrower than Ss suggesting the larger uncertainty in estimated Ss values. Overall, the estimated Kf 
ranged from 14.13 to 28.61 cm/s, while Ss had a wider range from 9.09 × 10
-3 to 6.53 × 10-2 cm-1. 
It is important to keep in mind that the DFNM used for calibration assumes that the fracture pattern 




Figure 2.3: Observed (black solid line) and calibrated (blue dashed line) drawdown curves using 




Table 2.3: Calibrated hydraulic properties of fractures from different pumping tests by HGS 







95% percent confidence 
limits 
Ss (/cm) 









Port 3 5.04×10-2 18.48 5.03×10-2 5.05×10-2 9.26×10-3 8.86×10-3 9.68×10-3 
Port 4 4.85×10-2 17.11 4.84×10-2 4.86×10-2 1.00×10-2 9.73×10-3 1.03×10-2 
Port 5 5.07×10-2 18.48 5.06×10-2 5.08×10-2 8.32×10-2 7.92×10-3 1.03×10-2 
Port 6 4.94×10-2 17.72 4.93×10-2 4.95×10-2 9.09×10-3 8.71×10-3 9.48×10-3 
Port 7 6.27×10-2 28.61 6.26×10-2 6.29×10-2 4.26×10-3 3.80×10-3 4.78×10-3 
Port 12 5.53×10-2 22.24 5.51×10-2 5.55×10-2 1.26×10-2 1.18×10-2 1.35×10-2 
Port 15 5.50×10-2 21.96 5.49×10-2 5.51×10-2 1.78×10-2 1.72×10-2 1.84×10-2 
Port 18 4.41×10-2 14.13 4.38×10-2 4.44×10-2 6.53×10-2 6.27×10-2 6.80×10-2 
 
2.3 HT analysis of Synthetic and Real Pumping Test Data 
The HT analyses of synthetic and real pumping tests were conducted with the Sequential 
Successive Linear Estimator (SSLE) developed by Zhu and Yeh (2005), which treats the fractured 
rock block as a SCM. In particular, a Transient Hydraulic Tomography (THT) analysis was 
performed to reproduce the drawdown curves instead of Steady-State Hydraulic Tomography 
(SSHT) to estimate both K and Ss simultaneously as the latter only estimates K. SSLE inverts 
individual data sets from each pumping test sequentially instead of inverting all pumping test data 
simultaneously through the SimSLE code developed by Xiang et al. (2009). In this study, we utilize 
SSLE instead of SimSLE as Sharmeen et al. (2012) utilized SSLE. In the SSLE model, the 
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hydraulic parameters (e.g. K and Ss) are regarded as a stochastic process, and geostatistical 
parameters such as correlation scale, spatial covariance functions are included as prior information. 
The SSLE program begins with cokriging that utilizes available hydraulic properties and 
pressure heads from measurements to generate the conditional K and Ss fields. The computed 
conditional means of those hydraulic parameters are then used to generate new pressure heads at 
observed ports. Then, the parameter fields are iteratively revised by the SSLE algorithm to 
minimize the difference between simulated and observed drawdowns until it reaches user-defined 
stopping criteria (Zhu and Yeh, 2005). 
The model domain for the THT analysis is the same utilized by Sharmeen et al. (2012) so 
that results could be compared. The model domain was designed to be consistent with the 
laboratory rock block (91.5 cm × 60.5 cm × 5 cm) (Figure 2.4). A single finite element was used 
to represent the thickness of the simulation domain because it was assumed that no heterogeneity 
existed along the thickness of the rock block. The entire simulation domain of SSLE was divided 
into 14,140 nodes and 6,900 elements, which was less than the HGS model described previously. 
The element sizes ranged from 0.5 cm × 0.5 cm × 5.0 cm to 1.75 cm × 1.75 cm × 5.0 cm. The finer 
elements were located along the ports, with the center of the element having the same coordinates 
as the port center. The coarser elements were situated near the boundaries. 
Constant head boundaries were assigned at left and right sides, while no flow conditions 
were prescribed at the rest of the boundaries. The initial constant head of domain was set to be 
63.5 cm to match the constant head boundaries maintained in the lab experiment. This model 




Figure 2.4: Finite element mesh used for the inversion of synthetic and experimental data 
(modified from Sharmeen, 2011). 
2.4 Input parameters for the inverse model 
Inputs to the SSLE for the synthetic and laboratory data analysis include various K and Ss 
values for the cases with and without prior geologic information. Based on previous work, the 
initial values of K and Ss were estimated from hydraulic tests and model calibration as done by 
previous researchers. For example, Sharmeen et al. (2012) coupled the forward groundwater 
simulation model built within SSLE with PEST to estimate the effective hydraulic parameters of 
the rock block. In particular, the estimated effective K and Ss (K= 1.4 ×10-2 cm/s and Ss = 5.0 ×10-
3 cm-1) were included as initial inputs for the HT analysis, which is identical to the case done by 
Sharmeen (2011). Likewise, estimates of correlation length and variance were obtained from 
Sharmeen et al. (2012) to maintain consistency with published results. Then, in order to investigate 
the influence of geologic information on THT analyses, various prior geologic models were 
included in the inverse models. 
To be consistent with work done by Sharmeen et al. (2012), data collected from the pumping 
tests at port 3, 5, 7 were used for model calibration. Specifically, following the guidelines of Illman 
et al. (2008), pumping test data from port 5 with the highest S/N ratio was included first in the 
inverse model. Then, two additional tests (port 3 as second and port 7 as third test) with lower S/N 
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ratio were included subsequently. Illman et al. (2008) found that including higher S/N ratio data 
first in the HT analysis helped to obtain better results than including lower S/N data first. 
Prior geologic information was included by inputting different hydraulic parameter values 
in the initial model settings (Figure 2.5; Table 2.4). The fracture patterns were divided into three 
different cases: 1) correct; 2) partially correct; and 3) wrong (Figure 2.5 a, b, c). These different 
prior fracture patterns were input to evaluate the influence of incorporating varying quality 
geologic information into the inverse model. In order to indicate the fracture properties within the 
fractured aquifer, the calculated K (17.46 cm/s) and calibrated Ss (1.11×10-2/cm) values from HGS 
were input as the initial estimates. However, due to the large K utilized for the fracture resulting in 
a large contrast between fracture and matrix K, the model for this particular case did not converge 
and further work on this issue is necessary. Therefore, instead of inputting the actual calculated 
value, I have reduced the contrast of K (5000 times) and Ss (10 times) between fractures and the 
matrix based on the geometric mean from the previous work (Table 2.4). The hydraulic parameters 
of the fracture and matrix are provided on Table 2.4, while the case without geologic information 
utilizes the geometric mean from Sharmeen et al. (2012). In terms of matrix hydraulic properties, 
low K and relatively high Ss values were included as an initial estimate.  
 
Figure 2.5: (a) Correct fracture locations; (b) partially correct fracture locations; (c) wrong fracture 





Table 2.4: Summary of initial estimates of hydraulic parameters for the synthetic and real THT. 
Cases Geologic Information K (cm/s) Ss (cm
-1) 
Homogeneous Case None 1.4 × 10-2 5.0 × 10-3 
Correct Fracture Location 
Fractures 7.0 × 10-1 5.0 × 10-4 
Matrix 1.4 × 10-4 5.0 × 10-3 
Partially Correct Fracture 
Location 
Fractures 7.0 × 10-1 5.0 × 10-4 
Matrix 1.4 × 10-4 5.0 × 10-3 
Wrong Fracture Location 
Fractures 7.0 × 10-1 5.0 × 10-4 
Matrix 1.4 × 10-4 5.0 × 10-3 
 
For the synthetic as well as the laboratory data cases, five data points (0.5 s, 2 s, 7 s, 18 s, 20 
s) were selected from each observed port (located at both fractures and the matrix) to capture the 
entire drawdown curve. As observed in the lab and synthetic pumping test data, the drawdown was 
very small and unmeasurable at the matrix observation ports due to low K and high Ss of the matrix 
compared to the fractures. Therefore, zero drawdown was input to the inverse model for each 




3. Results from Transient Hydraulic Tomography 
The case with wrong fracture pattern showed that the results did not converge in the 
calculation. Therefore, it is not presented in the result part. The homogeneous case without extra 
geologic information as well as two other successful cases with geologic information are presented 
in the following sections. 
3.1 Inverse modeling of synthetic data 
Figures 3.1a, c, e are the K tomograms obtained by inverting the synthetic transient head 
data without prior geologic information, with correct geologic information, and with partially 
correct geologic information, respectively. Figures 3.1b, d, f are the estimated ln K variance (σ2lnK) 
maps corresponding to the K tomograms of Figures 3.1a, c, e, respectively. All the tomograms are 
the result of sequentially calibrating the model with three pumping tests in the order of ports 5, 3, 
and 7. The black dashed circles within the tomograms represent the observed ports. Thin dashed 
lines on Figure 3.1a indicate the fracture locations in both horizontal and vertical directions. Model 
results for plotting and further analysis are selected based on the lowest point of the curve of the 
biggest head misfit (biddf) between simulated and observed drawdown values which indicates the 
convergence of the inverse model. Results showing the convergence of all model runs are 
presented in Appendix B. 
Figure 3.1a reveals that without prior geologic information, the estimated high K zones 
relative to the background corresponds quite well with fracture locations. This K tomogram 
indicates that without prior geologic information, the inverse model is able to capture the 
substantial details of the fracture pattern and their connectivity away from the boundaries. 
However, the mapped fracture pattern near the left and right constant head boundaries is not as 
distinct, because the drawdowns are smaller near the left and right boundaries compared to that 
within the interior of the fractured rock sample due to the presence of constant head reservoirs. In 
addition, the value of K is significantly lower immediately beyond the mapped high K zones 
correctly showing the no flow boundary between the fracture and the matrix. The zero value of 
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drawdown observed at the matrix ports may have caused the estimated K values at the matrix part 
to approach the geometric mean of K which is not a reasonable K value for matrix. 
In contrast, Figure 3.1c shows that with correct prior geologic information, the high K values 
at fracture locations are distinctively mapped. In addition, compared to Figure 3.1a, the fracture 
pattern is more distinguishable especially at the edge of the fractures. Moreover, due to the correct 
prior geologic information, K estimates are considerably more accurate and approach the real 
condition. 
Figure 3.1e is the estimated K tomogram with partially correct geologic information as initial 
input. Similar to Figure 3.1c, the fracture pattern is delineated, but the incorrect piece of geologic 
information has a significant impact on the K tomogram causing high K values to persist along the 
wrongly estimated fracture locations. This suggests that incorrect fracture information could lead 
to artifacts to inverse modeling results. 
The σ2lnK map on Figure 3.1b reveals that the lower σ
2
lnK indicating lower uncertainty in 
estimated K follows the fracture pattern, while higher σ2lnK values are generally found within the 
matrix, where monitoring data are sparse. In Figures 3.1d and e, lower values of σ2lnK are located 
where prior geologic information was input as the initial estimate. For all three uncertainty maps, 
the σ2lnK is lower along the horizontal fracture. This situation is probably caused by the location of 
pumping tests used for calibration. The pumping tests conducted at ports 5, 3, and 7 are all located 
along the horizontal fracture, which may lead to more information acquired along the horizontal 
fracture than vertical fractures. This could potentially result in higher uncertainty at other fracture 




Figure 3.1: K tomograms (cm s-1) delineated using synthetic data from three pumping tests (ports 
3, 5, and 7): a) K tomogram without prior geologic information; b) corresponding σ2lnK; c) K 
tomogram with correct prior geologic information; d) corresponding σ2lnK; e) K tomogram with 
partially correct prior geologic information; and f) corresponding σ2lnK. 
 
Figure 3.2a, c, and e present the corresponding Ss tomograms that were estimated 
simultaneously. The low Ss zones mapped on the Ss tomogram (Figure 3.2a) generally corresponds 
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to the fracture pattern within the rock sample. However, there are some unexpected large Ss areas 
developed around the estimated low Ss zones delineating fractures, which is not strictly correct.  
In contrast, similar to Figure 3.1c, details to the fracture pattern where Ss values are lower 
than the background become more evident as correct geologic information is incorporated into the 
inverse model (Figure 3.2c). 
Figure 3.2e is analogous to Figure 3.1e which is the estimated Ss tomogram from the partially 
correct fracture pattern assigned as prior information for the HT analysis. The estimated fracture 
pattern is visible through the presence of relatively low Ss zones. Incorrect fractures are preserved 
even after inverse modeling suggesting that the inclusion of wrong fracture data as prior 
information could have deleterious impacts on inverse modeling.     
Figures 3.2b, d, f are the estimated ln Ss variance (σ
2
lnSs) maps corresponding to the Ss 
tomograms of Figures 3.1a, c, e. Similar to Figures 3.1b, d, f, the σ2ln Ss maps reveal that lower σ
2
ln 
Ss values are mapped along the fractures. Compared to the σ
2
lnK maps, the σ
2
lnSs values exhibited a 
wider range, due to the difficulty in estimating Ss as seen in other HT studies involving 




Figure 3.2: Ss tomograms (cm s
-1) delineated using synthetic data from three pumping tests (ports 
3, 5, and 7): a) Ss tomogram without prior geologic information; b) corresponding σ
2
lnSs; c) Ss 
tomogram with correct prior geologic information; d) corresponding σ2lnSs; e) Ss tomogram with 
partially correct prior geologic information; and f) corresponding σ2lnSs. 
 
3.2 Inverse modeling of lab data 
Data from laboratory experiments conducted by Sharmeen (2011), which are the pumping 
test data from port 3, 5, 7 are also used for the calibration of hydraulic parameter fields. Compared 
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to K and Ss tomograms estimated from synthetic data, tomograms obtained from the lab data show 
good correspondence. Model convergence results are presented in Appendix B. 
Figures 3.3a and 3.4a present the estimated K and Ss tomograms. Overall, similar results are 
obtained from the real and synthetic data. Specifically, without prior geologic information, the 
SSLE approach is able to capture the general fracture pattern bordered by a low K zone. Moreover, 
beyond the estimated low K zone, the K distribution approaches the initially estimated value of K, 
which is significantly higher than the actual value reported in the literature for dolomite (e.g. 
Muldoon et al., 2001; Singhal and Gupta, 2010; McLaren et al., 2012). For example, in McLaren 
et al. (2012), the geometric mean of permeability (k) for dolomitic fractured rock was about 
1.82× 10-14 m2 which was equivalent to K of 1.36× 10-5 cm/s. Compared to geometric mean 
assigned to the inverse model, the actual hydraulic conductivity from the literature is relatively 
lower. The estimated matrix K value is calibrated by the zero drawdown that may not help to 
improve the estimated tomograms, while large Ss values appear around fractures. These incorrect 
details may lead to errors in drawdown predictions with additional tests not used in the calibration 
effort.  
The comparison between Figures 3.3c and 3.4c with Figures 3.3a and 3.4a shows the 
improvement of the computed K and Ss tomograms as the correct geologic information is 
incorporated. With correct prior geologic information included as the initial estimates in HT 
analysis, the fracture pattern is more clearly delineated, and the estimated matrix K values approach 
those from the literature (e.g., Freeze and Cherry, 1979; McLaren et al., 2012). The estimated Ss 
tomogram becomes more vivid when the correct fracture pattern is included as an initial estimate.  
As for the partially correct fracture location case, similar to the results from synthetic data, 
Figures 3.3e and 3.4e reveal that the model is not capable in overcoming the impacts of wrong 
geologic information on the estimated K and Ss tomograms. The wrong geologic information is 
still preserved suggesting that the inclusion of incorrect geologic information can cause more error 
to HT results. 
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Figures 3.3b, d, f and Figures 3.4b, d, f are the corresponding estimated σ2lnK and σ
2
ln Ss 
tomograms. Similar to the synthetic results, Figures 3.3b and 3.4b reveal that lower σ2lnK and σ
2
lnSs 
values implying lower uncertainty in estimated hydraulic properties appear around the fracture 
network. Furthermore, the lower uncertainty of estimated hydraulic properties from the cases with 
prior geologic information as the initial estimate emerges at locations where correct and partially 
correct geologic information were input, however this pattern is surprisingly less clear compared 





Figure 3.3: K tomograms (cm s-1) delineated using laboratory experiment data from three pumping 
tests (ports 3, 5, and 7): a) K tomogram without prior geologic information; b) corresponding σ2lnK; 
c) K tomogram with correct prior geologic information; d) corresponding σ2lnK; e) K tomogram 




Figure 3.4: Ss tomograms (cm s
-1) delineated using laboratory experiment data from three pumping 
tests (ports 3, 5, and 7): a) Ss tomogram without prior geologic information; b) corresponding σ
2
lnSs; 
c) Ss tomogram with correct prior geologic information; d) corresponding σ
2
lnSs;  e) Ss tomogram 
with partially correct prior geologic information; and f) corresponding σ2lnSs. 
 
3.3 Calibration of drawdown data (Synthetic and Real data) 
The scatter plots of simulated and observed drawdown for both synthetic and real data are 
presented in Figures 3.5 and 3.6, respectively. Examination of these plots for both synthetic and 
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lab test results reveal that the case with the homogeneous initial estimate can reproduce the 
observed drawdowns from the three pumping tests quite well. However, without prior geologic 
information, estimated matrix K values are close to the geometric mean of K, which lead to small 
drawdowns simulated at the matrix ports. Furthermore, with the incorporation of correct fracture 
pattern and the matrix data, the drawdown responses at the monitoring ports concentrate more 
around the 1:1 line, and zero drawdown values are correctly simulated at matrix ports which match 
the observed data.  
In contrast, for the scatter plot of the case in which the partially correct fracture pattern is 
included as an initial estimate, the drawdown values simulated at matrix ports located at incorrect 
fracture locations significantly deviate from zero. These unexpected drawdowns show that wrong 
geologic information can result in significant drawdown errors for the calibrated model. 
To quantitatively assess the results, two criteria, the mean absolute error (L1) and mean 
square error (L2) norms as well as the coefficient of determination (R
2) are calculated. The R2 
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2  (4) 
where n is the total number of pressure heads that used for calibration, 𝑋𝑖  is i-th observed 
pressure head, while ?̂?𝑖  is corresponding pressure head from simulation. ?̅?  is the mean of 
observed pressure head.  
Figures 3.5 and 3.6 show the calibration results for the synthetic and laboratory HT analyses, 
respectively. In these figures, the calibration results are shown for all data, for fracture ports only, 
and the matrix ports only. For all figures, a linear model is fit and the corresponding equation is 
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provided along with L1 and L2 norms as well as R
2 values. The trend line for the drawdown data 
from the matrix ports is y = 0, which cannot be plotted properly and R2 values cannot be computed, 
thus are not included. 
The comparison of L1 and L2 norms indicate that the models calibrated with synthetic data 
(Figure 3.5) are better calibrated than those based on laboratory data (Figure 3.6). This is expected 
as synthetic data do not contain any experimental errors. Moreover, L2 values from data at the 
matrix ports also suggest that with correct prior geologic information, the drawdowns simulated at 
matrix ports are closest to observed data. The reason for using L2 than L1 for the comparison is 
because L2 squares the error, a much larger error is presented than the L1 norm. 
Figure 3.7 presents simulated versus observed drawdown curves for the laboratory pumping 
test at port 5. The black solid line represents the observed drawdown curve, while the dark blue 
dashed line indicates the simulated drawdowns from the homogeneous input, the green dashed line 
plots results from the correct prior geologic information case, while the red dashed line plots results 
from the partially correct prior geologic information case. The drawdown curves estimated at 
fracture ports with prior geologic information show a similar trend, because the correct fracture 
pattern is included. That is, with the incorporation of correct geologic information, the estimation 
of transient drawdowns improves significantly. Furthermore, the accuracy of predicted drawdown 
at the matrix ports is increased by inputting the correct fracture geometry and matrix information. 
Shown by drawdown curves from the partially correct fracture case, there is a large pressure 
change that occurs at some of the matrix ports, which is even greater than the drawdown estimated 
from the homogenous case. This unexpected drawdown is caused by including wrong geologic 
information, where the matrix is assigned hydraulic property value of fractures. These values were 
not calibrated well during the inversion. Therefore, incorrect geologic information may lead to the 
error of drawdown prediction, which is even worse than the homogeneous case. Similar 




Figure 3.5: Scatter plots of observed versus simulated drawdowns for model calibration using 
three synthetic pumping tests (Ports 3, 5, 7) for the three cases (Homogeneous, Correct, Partially 
Correct). Results are plotted for all data, data from ports at fractures, and data from ports at matrix. 
Blue circles represent data points. Solid black line is the 1:1 line, and the dashed line indicates the 






































































Figure 3.6: Scatter plots of observed versus simulated drawdowns for model calibration using 
three laboratory pumping tests (Ports 3, 5, 7) for the three cases (Homogeneous, Correct, Partially 
Correct). Results are plotted for all data, data from ports at fractures, and data from ports at matrix. 
Blue circles represent data points. Solid black line is the 1:1 line, and the dashed line indicates the 






































































Figure 3.7: Observed and calibrated drawdown (cm) versus time (s) at ports during the pumping 
test at port 5 for laboratory data. The dark blue dashed line represents results from the 
homogeneous case. The solid black line indicates results from the lab experiment. The green 
dashed line represents results from the correct fracture location case. The red dashed line indicates 






4.1 Comparison of estimated K and Ss values from SSLE to true values (synthetic data) 
The K and Ss values estimated by SSLE at fracture locations are compared to those calibrated 
by HGS coupled with PEST (Figure 4.1). The comparison is only conducted for the estimated 
hydraulic parameters at fractures, because the hydraulic properties at the matrix are not clear due 
to its impermeability. This comparison is made to evaluate how the estimates from the inversion 
of synthetic data approaches to the real condition. Figure 4.1a, b, c represents the scatter plot of K 
value under the different types of prior geologic information. Figure 4.2a, b, c describes the 
distribution of estimated Ss value with the same prior information as mentioned before. The visual 
assessment indicates the large difference between the estimated value and the ‘true’ hydraulic 
properties. The reason for this considerable difference may be caused by the assumption that in the 
SSLE. The fractured aquifer is treated as an EPM, while HGS has applied DFNM for the rock 
sample. The black circles illustrate the distribution of hydraulic parameters, while the solid line 
represents the 1:1 line. The comparison between Figure 4.1a, b and Figure 4.2a, b shows that the 
incorporation of geologic information comparably constrains the estimation of hydraulic 
properties. Furthermore, the contrast between Figure 4.1c and Figure 4.2c illustrates that the wrong 
geologic information influences the distribution of estimated K more than Ss.  
 
Figure 4.1: Scatter plot of K values comparing the inversion results from SSLE and calibration of 
HGS with PEST: a) homogeneous case without prior geologic information; b) case with correct 
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prior geologic information; c) case with partially correct geologic information. 
 
Figure 4.2: Scatter plot of Ss values comparing the inversion results from SSLE and calibration of 
HGS with PEST: a) homogeneous case without prior geologic information; b) case with correct 
prior geologic information; c) case with partially correct geologic information 
4.2 Prediction of pumping tests (Synthetic and Real data) 
The K and Ss tomograms estimated from synthetic and lab data from all cases are next applied 
to predict 5 pumping tests (ports 4, 6, 12, 15 and 18) that were not used for model calibration. 
Illman et al. (2007) and Liu et al. (2007) both used such independent pumping tests to 
quantitatively assess their HT results. If the estimated K and Ss tomograms are able to accurately 
predict independent tests, then one could have more confidence in the HT results. 
Forward simulations of the pumping tests are conducted using SSLE (Zhu and Yeh, 2005) 
with the same model settings as indicated in the inverse modeling. Figure 4.3 and 4.4 are the scatter 
plots of observed versus simulated drawdown data from five independent synthetic and laboratory 
pumping tests. The comparisons between observed and simulated drawdown are separated into 
three columns. The first column is the comparison between observed and simulated drawdowns in 
all ports. The second column is the comparison of drawdowns at ports completed on fractures, 
while the third column is the drawdown at ports completed on the matrix. The black solid line 




From Figures 4.3 and 4.4, the visual assessment of the scatter plots indicates that for all three 
cases, the data points concentrate around the 1:1 line with some bias that is visible through the 
slope of the linear model fit. However, the drawdowns simulated with correct prior geologic 
information input at the matrix ports have the best match to observed drawdowns compared to 
other two cases. With a partially correct geologic information input as the initial estimate into the 
model, the bias in the drawdowns estimated at the matrix port becomes more significant than that 
from the homogeneous case. The computed L1, L2 norms suggest that a better fit between simulated 
and observed drawdowns with the incorporation of geologic information in the data at all observed 
ports. Moreover, the value of R2 indicates that estimated drawdowns with additional geologic 
information cluster around the 1:1 line more than the other cases. Therefore, with correct prior 
geologic information included as prior information, the predicted drawdowns from THT analysis 
become relatively accurate. While the wrong information is implied in the model, the L1 and L2 
increase and R2 value decreases, which reveals that predicted drawdown values are less accurate 
compared to the other two cases. Furthermore, unexpected drawdowns appear during the 
simulation at the matrix ports. Similar to calibration results, shown by the L1 and L2 norms, the 




Figure 4.3: Scatter plots of observed versus simulated drawdowns for model validation using five 
synthetic pumping tests (Ports 4, 6, 12, 15, 18) for the three cases (Homogeneous, Correct, Partially 
Correct). Results are plotted for all data, data from ports at fractures, and data from ports at matrix. 
Blue circles represent data points. Solid black line is the 1:1 line, and the dashed line indicates the 






































































Figure 4.4: Scatter plots of observed versus simulated drawdowns for model validation using five 
laboratory pumping tests (Ports 4, 6, 12, 15, 18) for the three cases (Homogeneous, Correct, 
Partially Correct). Results are plotted for all data, data from ports at fractures, and data from ports 
at matrix. Blue circles represent data points. Solid black line is the 1:1 line, and the dashed line 






































































Figure 4.5: Observed and calibrated drawdown (cm) versus time (s) at ports during the pumping 
test at port 4 for lab data. The dark blue dashed line represents results from the homogeneous case. 
The solid black line indicates results from the lab experiment. The green dashed line represents 
results from the correct fracture location case. The red dashed line indicates results from the 




Figure 4.6: Observed and calibrated drawdown (cm) versus time (s) at ports during the pumping 
test at port 18 for lab data. The dark blue dashed line represents results from the homogeneous 
case. The solid black line indicates results from the lab experiment. The green dashed line 
represents results from the correct fracture location case. The red dashed line indicates results from 
the partially correct fracture location case.  
 
Comparisons of observed (solid) and predicted (dashed) drawdown curves for the real THT 
cases are presented in Figures 4.5 and 4.6 for ports 4 and 18, respectively. Similar comparisons for 
other tests at ports 4, 6, 12, 15 are included in Appendix C. Examinations of Figures 4.5 and 4.6 
reveal that at the observed port within fractures, drawdown curves estimated with K and Ss 
tomograms obtained with correct prior geologic information are better matched to observed 
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drawdown curves, especially at transient condition when compared to the drawdown curves from 
the case without geologic information as a prior estimate. Similarly, the comparison of drawdown 
curves from the matrix ports shows that with homogeneous initial and incorrect geologic 
information inputs, there are small drawdowns appearing in the observed ports. However, zero 
drawdowns are visible in the matrix ports with correct geologic information as an initial estimate, 
which is exactly the same as observed in laboratory experiments.  
Overall, drawdown curves match better at steady state than transient condition for the 
simulation results from the estimated K and Ss tomograms, when the model is calibrated without 
additional information. This may be caused by the uncertainty in the estimations of K and Ss value. 
Shown by Figures 4.1 and 4.2, without any geologic information, both estimated K and Ss located 
at fractures vary significantly. This unique distribution of hydraulic parameters may result from 
the lack of fit at the early time for the drawdown prediction. However, with correct prior geologic 
information, the predicted drawdowns are matched for both transient and steady states. Therefore, 
inversion without geologic information can delineate the fracture pattern, but cannot accurately 
replicate the fracture geometry and simulate hydraulic properties approaching to the real condition. 
The inversion with correct prior geologic information can more accurately resolve the fracture 
pattern, and the distribution of estimated K and Ss within the rock sample approaches the real 
condition and lab condition. Based on the profile shown in Figure 2.1, port 4 is located along the 
horizontal fracture, while port 18 is at one of the vertical fractures. The pumping tests used for the 
calibration of model are at ports 5, 3, 7 which are all placed along the horizontal fracture. Therefore, 
the information from the vertical fractures may not be obtained as much as that from the horizontal 
fracture, which could possibly lead to a less accurate prediction of drawdowns in the monitoring 




5. Summary and Conclusions 
As indicated in Sharmeen et al. (2012), there are numerous possible hydraulic parameters 
fields that can provide similar good matches between the simulated and observed hydrographs for 
the HT survey in fractured rock aquifers due to incomplete constraints of inverse parameters. In 
the SSLE algorithm, the specified mean and covariance function can control the estimates of the 
hydraulic properties, and the results are unique based on those constraints. Therefore, those 
estimates are not essentially the true fracture and matrix K and Ss distribution. Regardless of the 
uncertainty during the estimations, the estimates from SSLE algorithm have successfully simulated 
the response of aquifer for other independent tests that were not used during calibration for 
hydraulic tomography by other researchers (Illman et al., 2007, 2008, 2009; Liu et al., 2007; Xiang 
et al., 2009; Berg and Illman, 2011a,b). Thus, hydraulic tomography appears to be a promising tool 
to characterize the heterogeneity of hydraulic properties within fractured rocks. 
In the previous study (Sharmeen et al., 2012), HT was proposed as an effective approach to 
image the hydraulic conductivity (K) and specific storage (Ss) distribution of the fractured geologic 
media. Furthermore, studies from recent years (Zhao et al., 2016; Zha et al., 2017) suggested that 
the incorporation of geologic data helped to improve the estimation of results, which has not been 
strictly assessed for fractured rocks in a controlled laboratory setting. Based on the model 
information and pumping tests conducted by Sharmeen et al. (2012), additional geologic data was 
incorporated into the inverse model with the Sequential Successive Linear Estimator (SSLE) code 
of Zhu and Yeh (2005) to perform THT analysis. Results show that by including correct geologic 
information into the THT analysis, the fracture pattern becomes more vivid compared to that 
computed without geologic information. This study leads to the following major findings and 
conclusions: 
1. It is possible to characterize the fracture zones, their pattern and connectivity through the THT 
analysis of multiple pumping tests through the inverse code developed by Zhu and Yeh (2005) 
without any prior geologic data. However, the estimated hydraulic parameters (e.g. K and Ss) 
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within the matrix differ from the true hydraulic parameters value which generate unexpected 
pressure responses at the matrix ports. 
2. The characterization of fracture zones, their pattern, and connectivity as well as data predicted 
at the matrix ports are all significantly improved as prior knowledge of fracture geometry and 
matrix properties are included in inverse modeling. Therefore, utilizing a perfectly known 
geologic model as the prior information in geostatistical inverse model results in the 
preservation of geologic features especially in the matrix where drawdowns are not typically 
available. 
3. The comparison between the cases with different types of geologic data indicates that SSLE 
algorithm cannot revise the incorrect geologic model during the inversion, which introduces 
more error in the prediction of pressure responses at areas where drawdowns are not observed. 
Thus, a simple model without any geologic information is more reliable than the one based on 
the wrong description of geologic features such as incorrect spatial distribution of fracture 
network and matrix property value.  
In this study, the fractured rock model is treated as a heterogeneous porous continuum, which 
limits the range of initial parameters. When a large contrast between hydraulic properties is taken 
as input, the SSLE code fails to converge. This weakness needs to be overcome in future studies. 
From the results of this study, it can be concluded that the patterns of K and Ss tomograms generated 
by THT analysis based on the inverse algorithm SSLE can be improved with the incorporation of 
correct prior geologic data, and the final tomograms are consistent with the geologic features of 
the rock sample. THT is a promising method in the characterization of fracture patterns and 
connectivity, and it can be strengthened with additional correct geologic information. However, it 
is difficult to obtain complete and accurate fracture information at field sites by boreholes alone; 
therefore, as suggested by Illman (2014), other data could be included to complement data from 
cross-hole pumping tests. In particular, geophysical techniques may provide information on 
fracture patterns that could be included in HT analyses. However, this research has shown that 
including wrong geologic data could corrupt HT results. Therefore, significant care needs to go 
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into integrating other data types with HT analysis. There is clearly a need for more experimental 
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Synthetic Pumping Tests (Using HGS) 
Port 3 
 
Figure A1: Observed (black solid line) and validated (blue dashed line) drawdown curves using 






Figure A2: Observed (black solid line) and validated (blue dashed line) drawdown curves using 





Figure A3: Observed (black solid line) and validated (blue dashed line) drawdown curves using 






Figure A4: Observed (black solid line) and validated (blue dashed line) drawdown curves using 






Figure A5: Observed (black solid line) and validated (blue dashed line) drawdown curves using 






Figure A6: Observed (black solid line) and validated (blue dashed line) drawdown curves using 






Figure A7: Observed (black solid line) and validated (blue dashed line) drawdown curves using 






Figure B1: The biggest difference of head misfit during the iterations from the case without 






































































































































































































Figure B2: The biggest difference of head misfit during the iterations from the case with correct 








































































































































































































Figure B3: The biggest difference of head misfit during the iterations from the case with partially 

















Figure B4: The biggest difference of head misfit during the iterations from the case without 




































































































































































































































Figure B5: The biggest difference of head misfit during the iterations from the case with correct 




























































































































































































Figure B6: The biggest difference of head misfit during the iterations from the case with partially 

















THT Calibration and Predictions (Lab data) 
Port 3 
 
Figure C1: Observed and calibrated drawdown (cm) versus time (s) at ports during the pumping 
test at port 3. The dark blue dashed line represents results from the homogeneous case. The solid 
black line indicates results from the lab experiment. The green dashed line represents results from 
the correct fracture location case. The red dashed line indicates results from the partially correct 





Figure C2: Observed and calibrated drawdown (cm) versus time (s) at ports during the pumping 
test at port 7. The dark blue dashed line represents results from the homogeneous case. The solid 
black line indicates results from the lab experiment. The green dashed line represents results 
from the correct fracture location case. The red dashed line indicates results from the partially 





Figure C3: Observed and calibrated drawdown (cm) versus time (s) at ports during the pumping 
test at port 6. The dark blue dashed line represents results from the homogeneous case. The solid 
black line indicates results from the lab experiment. The green dashed line represents results from 
the correct fracture location case. The red dashed line indicates results from the partially correct 





Figure C4: Observed and calibrated drawdown (cm) versus time (s) at ports during the pumping 
test at port 12. The dark blue dashed line represents results from the homogeneous case. The solid 
black line indicates results from the lab experiment. The green dashed line represents results from 
the correct fracture location case. The red dashed line indicates results from the partially correct 





Figure C5: Observed and calibrated drawdown (cm) versus time (s) at ports during the pumping 
test at port 15. The dark blue dashed line represents results from the homogeneous case. The solid 
black line indicates results from the lab experiment. The green dashed line represents results from 
the correct fracture location case. The red dashed line indicates results from the partially correct 
fracture location case. 
